A numerical model of a three-stage magnetic modulator for copper lasers is described. T h e model follows in detail the hysteresis behavior of the magnetic switches and a transformer, The laser is treated via a simple model of field diffusion. The calculated voltage across the laser and cnrrent through the laser are shown to compare favorably with experiment.
Introduction
This paper presents siinulations of a magnetic modulator which was developed t o drive copper lasers used in isotope separation [I] .
T h e circnit is shown schematically in Fig. 1 ; parameter values are listed in Table 1 . T h e modulator uses a thyratron or SCR stack and three stages of magnetic compression t o provide a 40-45 kV pulse to the laser at a repetition rate of 4.5 kHz. It operates at an input power of 28-36 kW. Each stage has a satmable inductor consistiiig of several cores iiiatle of the ferrite C/7D. There is also a 1:4 step-up transformer wound with Metglas 2605S3A.
Initially the capacitor CO is charged to a typical voltage of 18 kV.
The magnetic switches are held in negative satlitation by reset currents. All other voltages and currents are zero. After the thyratron or SCR stack closes, CO discharges upon C1 with a charge time of approximately 900 ns. During this time the first magnetic switch holds off the current by presenting a large inductance to the circuit. It then saturates, allowing the energy t o flow t o C?, which has a charge time of 350 11s. When the second switch saturates, the energy flows to C-3 (charge tiirie of 90 ns), and the voltage is stepped n p by a factor of 4 by the transforiner. After saturation of the third switch, the voltage is transferred to the peaking capacitor (rise time of 30 ns) and then t o the laser load. It then reflects back through the circnit, undergoing expansion in successive stages.
T h e reset circuit, not shown in Fig. 1 , consists of a rod passing through each core, connected in series with a fixed voltage source, a large inductor, and a resistor.
The task of the model is to describe the detailed behavior of the voltages, currents, and fields in tlie modulator system. We shall see that this can be done in quite reasonable accordance with experiment.
Mametic Model
We einploy a simple core model [2] in which the magnetic field within the cores, in both the switches and the transformer, is taken to be azimuthal and to depend only on time, and the displacement current is ignored. The voltage across each core then satisfies an equation o f the forin where the time-dependent inductance is directly proportional t o the permeability p ( t ) within the core. We neglect the radial dependence of tlie fields, which is an effect of order 10%. The magnetic field itself evolves according to with Nw the number of windings and F an average radius. Further details of this model are given in the Appendix. In previous applications [2, 4] , this combination of core model and hysteresis model was shown to agree satisfactorily with experiment.
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Laser
We employ a simple model of the trigger switch (thyratron or SCR stack). For positive currents, it is treated as a negative 500 v source, to account for the forward drop across the switch. For negative currents, it is modeled as a 400 ohln resistor in series with the same source.
Laser Model
From the point of view of the modulator, the laser plays the role of a complicated load. For purposes of iinderstanding modulator behavior, it suffices to treat the laser as a cylindrical plasma with constant rrsistivity p, in series with the fixed inductance L , of the la.ser container. Obvioiisly this model of the laser cannot predict detailed properties such as the optical power.
We adopt a one-tlimensional model in which the electric field E(T,t) points in the z direction and the magnetic field B(T,t) is Imrely azimuthal. In the absence of displacement current, the magnetic field then satisfies a diffusion equation of the form
with a bountlary value a t the radius a corresponding to the plasma
At each instant, the electric field is given as (4) and thus is not an independent dynamical quantity. The appropriate value of the resistivity, obtained by comparing a more detailed niodel with experiment, turns out to be approximately .3 ohin cni.
Method of Solution
It is ronvenient to formulate the model as a system of ordinary differential equations suitable for an ODE solver. The circuit equations are already in this form, although tlie hysteresis niodel presents extreme nonlinearities and jumps in the form of tlie equations.
To handle field diffusion in the plasma, we follow a conventional approach in which the magnetic field is assigned values a t N nodal points distributed evenly from the center to the edge. In practice, it was found sufficient t o take N = 9. At points 2 through N -1, the field then satisfies the three-point difference equation with and 0 the spacing between points. Of course B1 is identically zero.
A consistent approximation for the edge value, obtained in part by differentiating the boundary condition, is
where the value of the electric field in the outermost cell is
Here Vpk is the voltage across Cpk and its equivalent series resistance, and e is the length of the laser. The voltage across the laser is depicted in Fig. 6 . Note that it peaks a t 37 kV, drops within 90 ns to a mininium of -37 kV, and then slowly rings down with a period of about 240 11s. This lwhavior agrees quite well with the nieasuretl voltage tracc [(i] , except that
Tjme (microsec) Fig. 2 . Voltages across CO, CI, and Cz.
the latter shows somewhat less dissipation. The nieasnreinent also reveals an initial leakage, which could be modeled, if desired, by placing a capacitor across the third stage switch. Figure 7 shows the current through the laser. The calculated current peaks a t 37 kA and then rings down. The measured waveform reaches a niaximum of about 60% of the calculated value, but there may be a substantial experimental error in this region. Model and experiment are reasonably close in the subsequent decay.
Finally, Figure 8 shows the calculated electric field in the laser as a function of time, a t three radial locations. The field is largest near the edge, reaching a maximum of 38 v/cm, then decays as it diffuses inward.
Conclusions
These simulations show that the iiiotlulator system can be inodeled with quite reasonable accuracy. The code has served as a useful guide in understanding circuit behavior and in the design of possible modifications to the device. Fig. 3 . Hysteresis loop of first magnetic switch.
.6 Neglecting the radial dependence of the fields, the time-dependent inductance of a core is [2] where h is the height of a core, N,, is the niiinber of windings, and T~~~ and T~,~~ are the inner radius and outer radius, respectively. The time derivative of the magnetic field, Eq. 
